The formation and characterization of nanometer-size, ohmic contacts to n-type GaAs substrates are described. The nanocontacts are formed between a single-crystalline, nanometer-size Au cluster and a GaAs structure capped with layer of low-temperature-grown GaAs ͑LTG:GaAs͒. An organic monolayer of xylyl dithiol (p-xylene-␣,␣Ј-dithiol; C 8 H 10 S 2 ͒ provides mechanical and electronic tethering of the Au cluster to the LTG:GaAs surface. The I(V) data of the Au cluster/xylyl dithiol/ GaAs show ohmic contact behavior with good repeatability between various clusters distributed across the surface. The specific contact resistance is determined to be 1ϫ10 Ϫ6 ⍀ cm 2 . Current densities above 1ϫ10 6 A/cm 2 have been observed.
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There have recently been numerous examples of prototype electronic devices having nanometer-scale dimensions.
1-4 A requirement of many of these nanodevices is the presence of nearby contacts having dimensions of order 1 m or greater. Thus, even though the device has shrunk well into the nanometer scale, the contacts to the device still require areas ϳ10 2 -10 4 greater than the active device. Nanocontacts having dimensions comparable to a nanodevice will be required to alleviate this difficulty in the future.
The demands on nanocontacts are quite stringent. In particular, suitable nanocontacts must provide low contact resistance and must be spatially uniform at the nanometer-length scale. This requirement presents significant problems for nanocontacts based on any alloying process. For instance, in compound semiconductor devices based on GaAs, conventional contacts such as alloyed Au/Ge/Ni on n-type layers are spatially nonuniform and also consume a significant surface layer. 5 Low-temperature-grown GaAs ͑LTG:GaAs͒, i.e., GaAs grown at a temperature of 250-300°C by molecular beam epitaxy, shows many interesting electronic properties that have been attributed to the ϳ1%-2% excess arsenic incorporated during growth. 6 For as-grown material, the excess arsenic results in a high concentration (ϳ1.0ϫ10 20 cm Ϫ3 ) of point defects, primarily as arsenic antisite defects. 6 These defects are observed as a band of states located in the GaAs gap. These states prevent the GaAs surface from rapidly oxidizing due to the relatively low concentration of minoritycarrier holes in the surface layer.
7,8
Ex situ, nonalloyed ohmic contacts employing a LTG:GaAs surface layer can provide specific contact resistivity ( c ) below 1ϫ10 Ϫ6 ⍀ cm 2 . 9 These contacts may be appropriate for nanometer-scale device applications since they would not suffer from the deep interface and spatial nonuniformity of Au/Ge/Ni contacts. Several device applications have been demonstrated for this contact, 10 but to date, to the best of our knowledge, the uniformity, performance and suitability as a nanocontact have not been discussed. These important issues are addressed in this letter.
The GaAs layer structure used in this study, shown in Fig. 1 , employs a thin ͑10 nm͒ layer of LTG:GaAs to facilitate a high-quality, nanocontact to n ϩ GaAs͑100͒ layers grown at standard temperatures. To form a reliable electrical contact at the nanoscale, an organic monolayer of p-xylene-␣,␣Ј-dithiol ͑C 8 H 10 S 2 ͒, also denoted as xylyl dithiol ͑XYL͒, is used to tether a nanometer-size Au cluster to the LTG:GaAs layer. The lateral dimensions of the Au cluster thereby determine the size of the nanocontact. This structure can be used to contact active devices ͑to be incorporated at a later date͒ from above. Ex situ processing in a dry nitrogen atmosphere was used to deposit the XYL monolayer. The deposition involved soaking the sample in a 1 mM solution of XYL in acetonitrile for 12-18 h, followed by thorough rinsing in acetonitrile. Representative samples of the LTG:GaAs-capped and the XYL-coated layers were characterized using ellipsomicroscopy for surface imaging ͑EMSI͒, 11 an ellipsometric imaging technique with submonolayer sensitivity and a spatial resolution of ϳ3m. EMSI can characterize the uniformity and stability of a thin ͑monolayer͒ coating as a function of position and time. The EMSI images on uncoated LTG:GaAs indicated that the optical properties ͑i.e., complex refractive index͒ varied with time, which can be attributed to a slow and uneven oxidation of the LTG:GaAs surface. The XYLcoated surface was observed to be uniform and stable, with no significant change in the EMSI images detected during several hours of exposure to atmosphere. This result suggests the presence of a uniform, monolayer coverage of XYL on the LTG:GaAs.
Controlled-geometry nanocontacts were formed on the coated LTG:GaAs by depositing dodecanethiol ͓CH 3 ͑CH 2 ͒ 11 SH͔ encapsulated Au clusters having controlled mean diameters of ϳ4 nm. The single-crystal Au clusters were synthesized using a multiple expansion cluster source ͑MECS͒. 12 The random position of the Au clusters across the semiconductor surface allows assessment of the uniformity of the nanocontacts. In the resulting structure ͑Fig. 1͒, the XYL molecules provide both an effective mechanical tethering and a strong electronic coupling between the Au clusters and the LTG:GaAs surface. Since the XYL molecules have a thiol ͑-SH͒ end group at each end, these molecules are ideal for forming a chemical bond to both the LTG:GaAs and to the faceted surfaces that are present on the Au clusters, the latter via a displacement reaction. The XYL molecules also serve as a molecular wire by establishing a conduction path from the Au cluster to the substrate.
An UHV STM was used to locate and probe the electronic properties of the nanocontacts. The same STM was also used to study the root-mean-square ͑rms͒ surface roughness of the as-grown LTG:GaAs and of the XYL-coated samples before depositing Au clusters. Representative values for the rms roughness over an area of 100 nmϫ100 nm were ϳ0.4 nm for the as-grown LTG:GaAs and ϳ0.7 nm for the XYL-coated sample.
After depositing Au clusters, the stability of the nanocontacts were checked by performing 100 consecutive images over an 80 min period of time. From these measurements, the xy-drift rate was determined to be about 0.9 nm/ min. This should be compared to the time interval required to obtain a complete set of I(V) data, which is less than 1 s.
The Au clusters were observed to remain stable and did not exhibit any damage. These observations indicate that the clusters are well tethered to the LTG:GaAs cap layer, in agreement with previous studies when Au clusters were tethered by XYL molecules to a flat gold substrate. 13, 14 The electronic properties of the Au nanocontacts were investigated by comparing a series of I(V)s obtained with the tip positioned over the Au cluster and over the XYLcoated LTG:GaAs substrate. Representative I(V) data are given in Fig. 2 . When compared to the XYL-coated substrate, the nanocontact is found to exhibit an ohmic behavior, with a significant enhancement in the conduction for low bias voltages.
The ohmic behavior is found to persist to higher tunnel currents as shown in Fig. 3͑a͒ , which shows the I(V) behavior for a current up to 30 nA when the tip is positioned over a Au cluster. In order to determine c and the maximum current capability, the current I was measured versus the tip-cluster spacing (z), ͓I(z)͔. As the tip contacts the cluster, the current is expected to saturate. 15 Figure 3͑b͒ is a plot of I(z) obtained from the same Au cluster, with the tip moved by a total of 1.5 nm from an initial height.
The Au cluster/XYL/GaAs system can be modeled by two resistors in series, R 1 and R 2 , where R 1 represents the equivalent tunnel resistance between the STM tip and the Au cluster and R 2 represents the equivalent contact resistance between the Au cluster and the GaAs substrate ͑see Fig. 1͒ . Coulomb blockade effects, observed in earlier studies, 13, 14 are not expected to occur here because of the relatively large size of the Au clusters employed. The data in Fig. 3͑b͒ show that for a relative tip displacement of less than 0.7 nm, the tunnel current increases exponentially with tip-cluster separation, indicating that R 1 is dominant. As the separation between tip and cluster decreases, the current saturates and approaches an asymptotic value, indicated by the horizontal dashed line in Fig. 3͑b͒ . In this limit, the measured resistance is approximately equal to R 2 .
The value of c ϭR 2 ϫA can be obtained using an estimate of the contact area A between the Au cluster and sub- 
FIG. 2. I(V)
data taken with the tip positioned over the XYL-coated substrate ͑dashed͒ and over the Au cluster ͑solid͒ with I set ϭ0.8 nA and Ϫ1.5 V ͓͑A͒ and ͑C͔͒, Ϫ1.0 V ͓͑B͒ and ͑D͔͒ for V set . Inset picture is a 25ϫ25 nm STM topographic image of Au cluster tethered to the XYL-coated LTG:GaAs, acquired with I set ϭ1.0 nA and V set ϭϪ1.0 V. The apparent lateral dimension ͑13 nm͒ is considerably broadened by tip convolution, but the height ͑3.4 nm͒ is close to the diameter of the cluster. strate, which is available because of the well-characterized, single-crystalline Au clusters used in this study. From geometrical considerations, the area of a Au͑111͒ facet on a ϳ4 nm high, truncated octahedral cluster is ϳ9ϫ10 Ϫ14 cm 2 . Using the asymptotic saturation current I sat Ӎ100 nA at 1 V yields
This estimate assumes that the I(V) data are approximately linear for values of V up to 1 V, an assumption consistent with the data shown in Fig. 3͑a͒ . Although R 2 includes contributions from the sheet resistance of the semiconductor layers and the relatively large-area clip on the top surface of the semiconductor, calculations indicate that it is dominated by two terms associated with current flow directly beneath the nanocluster. The first term is associated with electrons flowing from the electronic states of the Au cluster, through the XYL molecules, and into the midgap states in the LTG:GaAs layer. While a detailed prediction of the tunneling resistance for this system is not available, a resistance per molecule corresponding to a c in the range of 10 Ϫ7 -10 Ϫ6 ⍀ cm 2 has been predicted and experimentally verified for a Au/XYL/Au system. 14, 16 The second term is a specific interlayer contact resistance int associated with the tunnel barrier between the LTG:GaAs layer and the underlying 5ϫ10 18 cm Ϫ3 doped layer. We use the measured c from large-area contacts 9 (ϳ1ϫ10 Ϫ6 ⍀ cm 2 ) to provide an upper bound for int . The lateral transfer length for this current path lӍͱ int /R shl , 17 is found to be a few nanometers for R shl Ӎ10
7 ⍀ per square ͑the sheet resistance of the LTG:GaAs layer͒. Since the thickness of the LTG:GaAs layer is greater than the diameter of the nanocontact, it is expected that the current spreads within the LTG:GaAs layer, and therefore, that the effective area for conduction into the n-doped layer is somewhat larger than the faceted area of the ϳ4 nm Au clusters. Because of this current spreading, the value of R 2 , and therefore the c , is expected to be dominated by the first of the two terms described here.
In conclusion, we have developed and characterized a nanometer-scale, ohmic contact to LTG:GaAs using molecular wire technology. Au clusters, deposited on the cap layer of LTG:GaAs, are found to be well tethered to the LTG-:GaAs substrate by a monolayer of XYL molecules. The I(V) characteristics of the Au cluster/XYL/GaAs nanocontact exhibits an ohmic behavior with a specific contact resistance of ϳ1ϫ10 Ϫ6 ⍀ cm 2 . This result compares favorably to reported values in the mid 10 Ϫ7 ⍀ cm 2 range obtained from studies using 40 mϫ100 m contact pads. 9 Using this procedure, ohmic nanocontacts to buried active devices now seem feasible, especially if the Au cluster can be used as a self-aligned etch mask to delineate the structure of interest from the surrounding substrate, thereby allowing significant current to be channeled through it. 
